Seed phosphorus (P) reserves are essential for seedling development; however, we hypothesise that the quantity of P in seeds will lose importance in cultivars that rapidly acquire it via their roots. Our objective in this study was therefore to investigate the onset of seedling P uptake in rice (Oryza sativa). This was addressed through 33 P-labelled supply and through measuring P depletion in combination with the detection of P transporter activity in the root tissue of three rice cultivars during early development.
Introduction
Phosphorus (P) deficiency in soils is a major problem in cropping systems and for the past 40 years this has been addressed through the extensive use of P fertilisers (Cordell et al., 2009) . In addition to losses through erosion of soil and tie-up through soil P-fixation processes (Simpson et al., 2011) , a major driver for the continual need for external inputs is the removal of P from the system in harvested products (Lott et al., 2009) . One means to minimise this removal would be to reduce the P concentration of cereal grains, which accounts for the majority of P removed at a global scale (Rose et al., 2013) . For example, in rice (Oryza sativa) 60-80% of total plant P is located in the grain at maturity (Julia et al., 2016) , and estimates suggest that a 20% reduction in the rice grain P concentration would reduce removal of P from fields by around 0.4 Mt each year globally, equating to around $2 billion worth of P fertiliser per year (Rose et al., 2010) .
There are legitimate concerns, however, that lowering the P concentration in cereal grains may lead to a reduction in seedling vigour when the grain is used for planting seed, since a number of studies over the past 20 years have reported a reduction in vigour associated with lower P concentrations or P content in seeds (see White and Veneklaas, 2012 and references therein). White and Veneklaas (2012) concluded that, on the whole, greater plant establishment and final yields are associated with higher seed P content, which is '…thought to be a consequence of faster initial root growth, which gives seedlings earlier access to growth-limiting resources, such as water and mineral elements'. However, most studies of the influence of seed P on seedling vigour in grain crops have used highand low-P seeds obtained from P-replete and P-stressed parent plants, respectively (Zhu and Smith, 2001; Pariasca-Tanaka et al., 2015) , and we have argued that this may lead to artefacts in seed quality beyond simple differences in seed P concentration (Rose et al., 2012) . Using rice seeds that differ in P concentrations due to yield dilution effects (i.e. where low-P seeds were not obtained from P-stressed plants), we have found limited impact of seed P levels on seedling vigour (Rose et al., 2012) , or have found reductions in seedling vigour in some rice genotypes with low seed P but not in other genotypes investigated in the same experiments . On the whole, any association between seed P levels and seedling vigour, and the influence of genotype and soil P status on this association, remains poorly understood.
In contrast, soil fertility-or specifically, soil P status-appears to have a major influence on seedling vigour, and in all of our studies the impact of soil P status has been greater than any effect of seed P levels (Rose et al., 2012; Vandamme et al., 2016) . In the case of maize, 32 P tracer studies in solution culture have also indicated that P concentration in the solution is a key driver of seedling uptake (Nadeem et al., 2012) . Maize seedlings began taking up P from the nutrient solution at around 5 d after germination, which coincided with the transition from heterotrophy to autotrophy, but neither the initiation of P uptake nor the rate of uptake by the roots was influenced by the P content of the seeds (Nadeem et al., 2011) . Based on these findings, White and Veneklaas (2012) hypothesised that possible causes of delayed P uptake by maize seedlings may be because access to P in the rhizosphere is limited; because the abundance or expression of P transporter genes in roots is limiting as the developing seedlings have sufficient P from seed reserves for growth during this early stage; or because a systemic signal from the shoot that is linked to autotrophy is not yet present. In rice, autotrophy reportedly occurs at around 15 d after germination (Asch et al., 1999) ; however, we have observed up to 2-fold biomass responses to P supply in the growing medium in rice seedling at this time , which would suggest that the seedlings had taken up and used P several days earlier, i.e. prior to the onset of autotrophy.
Based on these considerations and our observations that P concentrations in soils have a greater impact on seedling vigour than seed P content , we hypothesised that (1) uptake of external P by rice roots occurs early during seedling growth; (2) the early uptake corresponds to expression of key rice P-transporter genes in the roots; and (3) transporter expression and the rate of uptake are not affected by seed P content. To test these hypotheses two experiments were conducted with very young rice seedlings in nutrient solution, with the onset of P uptake being estimated from measuring either P depletion from the growth medium or uptake and distribution of 33 P.
Materials and methods
Two experiments were conducted under controlled conditions to investigate P uptake and P-transporter expression in young rice (Oryza sativa) seedlings.
Experiment 1. Seedling growth and P uptake using 33 P tracer
Plant material, growth conditions, and 33 P labelling In this experiment seeds of the popular rice variety IR64 produced during a previous experiment (Jeong et al., 2017) were used. The mean (±SD) seed dry weight was 28.6 (±3.0) mg and the P concentration in the seeds was 3.0 mg g −1 . On 1st March 2014 (day 0), seeds were rinsed with 1% bleach solution followed by distilled water before being placed on moist filter paper in Petri dishes for incubation at 35 °C to initiate germination. On day 1 (i.e. at 1 day after germination, DAG), tips of the young radicles were visible on 60% of the seeds, and at 2 DAG all seeds showed a radicle measuring between 2-20 mm length. At this point the young seedlings were placed onto a mesh floating in 1.2 -l pots filled with 1 l of Yoshida nutrient solution minus P (Yoshida et al., 1976) . Each pot contained 50 seedlings and a total of 30 pots (3 replicates × 10 sampling events) were installed in a glasshouse at SCU, Lismore, Australia, under natural light conditions with a 13-h light period, where maximum daily temperatures ranged from 28-32 °C and minimum temperatures from 22-24 °C. The pH of the nutrient solutions was measured every 2 d and adjusted to 5.5 when necessary with HCl or NaOH.
All pots received the same amount of P starting at day 4 with the following modifications over the 30-d experimental period: 200 µg P added every 2 d between days 4-12 (6.5 µM P, 1 l volume), 255 µg P added every 3 d between days 15-21 (7.5 µM P, 1.1 l volume), 1162 µg P added once at day 24 (7.5 µM P, 5 l volume), and 7750 µg P added once at day 27 (50 µM P, 5 l volume). Each time P was added the entire nutrient solution was replaced with fresh Yoshida solution. This increase in P supply was necessary to avoid P deficiency in seedlings as their biomass increased. To measure the course of exogenous P uptake by seedlings, a spike of 500 kBq of labelled 33 P was pipetted into the nutrient solution together with the unlabelled P additions 2 d prior to each sampling time (3 d prior for samples for day 15 onwards). All 50 seedlings of the replicate pots were sampled at days 6, 8, 10, 12, 15, 18, 21, 24, 27 , and 30.
Measurements of

31
P content and 33 P uptake At each sampling time, seedlings were removed from the labelled 33 P solution and the roots were washed in a 0.5 mM CaSO 4 at 4 °C for 1 min to remove the nutrient solution. The root systems were then placed for 4 min at 4 °C in 400 ml of a solution containing high P (0.5 mM) and CaSO 4 (0.5 mM) for the desorption of 33 P from the roots. Each rinsing solution was sampled three times and the amounts of 33 P released were quantified using a 1450 MicroBeta TriLux counter (Perkin Elmer) with Ultima Gold™ AB scintillation cocktail at a solution/scintillation fluid ratio of 1000 µl/3.5 ml. Each count was run in triplicate with 33 P standards made up with unlabelled nutrient solution. Correlations of sample counts and activities were high (R 2 >0.99). The seedlings were then separated into roots, shoots, and seeds and were dried in an air-forced oven at 60 °C for 72 h before being weighed and ground. After acid digestion, tissue P contents (combined 31 P and 33 P) were determined following the protocol described in Julia et al. (2016) .
The percentage of P uptake by roots between 33 P-spiking at day n and sampling 2 d (or 3 d) later was assumed to be equal to the percentage of 33 P tracer measured in the seedling at sampling (corrected by adding the 33 P activity lost by decay between spiking and sampling), and was calculated as follows:
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Where A seedlings(n+2),corr is the activity in kBq measured in the seedlings at sampling corrected by adding the 33 P-activity decay between days n and n+2, and A spiked(n) is the activity of the 33 P spike applied at day n (=500 kBq).
Experiment 2. P uptake and transporter expression in the 1st week after germination as affected by rice cultivar and endogenous P availability Plant material
Three O. sativa cultivars were used in this experiment. In addition to IR64 (as used in experiment 1), two gene bank accessions belonging to the aus subspecies were included: 'Black Gora' (BG) and 'DJ123' (DJ). Both had shown good seedling vigour in earlier experiments . Seeds were sourced from experiments conducted in 2013 in two field plots with contrasting P availability at the Japanese International Research Centre for Agricultural Sciences (JIRCAS) in Tsukuba (Japan) . The aim was to obtain low-P seed (LPS) from a low-P field that had not received P fertiliser for >5 years, to be used in contrast to high-P seed (HPS) from a fully fertilised plot. Seeds from these plots were digested in a tri-acid mix (3:1:1 nitric:perchloric:sulfuric acid) and P concentrations were measured to determine the initial content in seeds. Seed batches from the low-P plots tended to have lower seed weight, and to avoid any effect of this seeds were individually weighed to obtain seeds of equal weight for each cultivar and for both LPS and HPS (Table 1) .
Seed germination, growth conditions, and monitoring of tissue P concentrations
This experiment was conducted in a controlled environment growth chamber at JIRCAS in July 2014 under a 13-h light period at 28 °C and a 11-h dark period at 24 °C with relative humidity in the range of 40-60%. The maximum light intensity in the chamber was 300 µmoles m −2 s −1
. Seeds were rinsed with 1% bleach solution followed by distilled water before being placed onto a floating mesh in 2.2-l opaque plastic boxes filled with 1 l of Yoshida nutrient solution (Yoshida et al., 1976) modified to contain P at a low concentration of 7 µM. To keep the seeds moist, they were sprayed with nutrient solution and the boxes were covered with aluminium foil during the first 48 h. The experiment was conducted with three replications and with 100 seedlings per box as a starting density, which subsequently decreased as samples were taken for RNA extraction (see Supplementary Fig. S1 at JXB online and below for details).
At 2 DAG, the foil was permanently removed and the solution replaced with 2 l of 7 µM P Yoshida solution (433 µg P added). The solution was not changed after this but additions of 433 µg P were made on days 5 and 6. The volume of solution in each box was adjusted daily to 2 l by addition of de-ionised water and the pH was monitored on a daily basis and adjusted to 5.5 when necessary.
By using a radioisotope, we were able to distinguish between P taken up from the nutrient solution from influx from seed reserves in Experiment 1. The goal of Experiment 2 was to determine whether P-transporter expression occurred simultaneously with the uptake by young roots, and for this purpose the depletion of P from the nutrient solution was monitored daily for a 7-d period by sampling the solution before and after applying P treatments. Solution P concentrations in triplicate samples were determined by employing molybdenumblue detection reagent. Absorption was measured in a spectrophotometer at 720 nm using a relatively long path-length cuvette (100 mm) to increase the sensitivity. P uptake per seedling during a sampling period was calculated as the difference between starting and end contents divided by the number of seedlings per box at the start of the period.
Tissue sampling, RNA extraction, and PCR conditions Roots were sampled for RNA extraction every day from 2-7 DAG. At each sampling time ~60 mg fresh root material was taken to obtain an acceptable yield of RNA, and this corresponded to the entire roots of between 10-14 seedlings at 2 DAG and 2-4 seedlings at 6-7 DAG. Roots were rapidly separated from the shoot tissue, flash-frozen in liquid nitrogen, and stored at -70 °C until analysis. Seedling root and shoot dry weights were determined by sampling 10 seedlings per box at 7 DAG and drying the tissues in an oven at 70 °C for 4 d. In addition, root fresh weight was measured at 2 DAG.
The frozen tissue was disrupted using a Qiagen mixer mill (Retsch MM300, Germany) and tungsten carbide beads for 1 min at 25 pulses s −1
. Total RNA was extracted using a RNeasy Plant Mini Kit (Qiagen), following the manufacturer's instructions. Total RNA (around 400 ng) was reverse-transcribed (RT) using OligodT and Random 6-monomer primers, and a PrimeScript RT Enzyme Mix I (Takara, Japan) at 37 °C for 15 min, followed by inactivation of the enzyme at 85 °C for 5 s, and storage at 4 °C. Subsequently, gene-specific primers, Taq polymerase enzyme (Takara, Japan), and the first-strand cDNA were used as templates for PCR. Thermal conditions were as follows: first denaturing step at 94 °C for 2 min, followed by 30 cycles of 94 °C for 30 s, 55-63 °C for 30 s, and 72 °C for 90 s, and concluded by an extension step at 72 °C for 10 min.
Quantitative PCR (qPCR) was performed using 10 ng RT template and SYBR Premix ExTaq (Perfect Real Time, Takara, Japan), using the Mini Opticon Real-Time PCR system (BioRad, USA). Thermal conditions were: 94 °C for 10 s as the first denaturing step, followed by 94 °C for 5 s, 55-60 °C for 10 s, and 72 °C for 15 s, for 40 cycles, followed by a gradual increase in temperature from 55 °C to 96 °C during the dissociation stage (to monitor the specificity of each primer set). Serial dilutions of RT products were used to determine the efficiency of each primer. The rice genes elongation factor 1 (ELF-1), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and ubiquitin (Ubi) were used as internal controls. Relative expression levels between samples were calculated using the 2 -∆∆CT method (Livak and Schmittgen, 2001 ) and expressed as foldchanges. The normalised data were analysed by ANOVA. A list of primers used in this study is shown in Supplementary Table S1 .
Statistical analyses
Statistical analyses were undertaken with R version 3.2.0 (www.r-project.org) using the 'agricolae' library. Two-way ANOVAs were conducted fitting in rice tissue biomass or P content and time point, but also fitting in the percentage of 31 P uptake by seedling. Differences between time point mean values for each tissue and between genotype or treatments were tested using Duncan's multiple range tests with a probability level of 0.05.
Results
Experiment 1.
33 P tracer study on early uptake by rice cv. IR64 seedlings During germination and very early seedling development, seedling biomass and P content typically decrease and this was observed here in the first measurement taken at 6 DAG (Fig. 1A) . No significant changes in biomass were observed for the next 2 d but by 10 DAG the increase in shoot biomass Values are means (±SD), n=3 batches of 10 seeds each.
was large enough to result in an increase in total seedling biomass, which by 12 DAG rose above that of the original seed. Seedling P content started to increase after 8 DAG (Fig. 1B) . The slow initial increase in content was probably a reflection of the low amount of P added (4 µg P per seedling every second day between days 4 and 10, making a total of 16 µg P per seedling). The 33 P data indicated that seedlings had already begun to take up P from the nutrient solution between days 4-6, as more than 50% of the tracer supplied was detected in seedling tissue during that time period (Fig. 2) . The proportion of the tracer taken up by the seedling increased to 90% for the 6-8 DAG period and remained above 80% thereafter. The fact that most of the 33 P was detected in the shoot tissue confirms that it was indeed taken up and not just tightly adsorbed in the root apoplast. Furthermore, these data indicated that while uptake occurred early, its efficiency did not approach 100%, as a small amount of P remained in the solution. This amount of P was discarded every time the solution was changed (see arrows in Fig. 1) .
Experiment 2. Influence of endogenous seed P and rice genotype on uptake during the first week after germination
Phosphorus depletion by seedlings As in Experiment 1, seedlings were germinated on a mesh floating on nutrient solution and the first radicles emerged at 1 DAG, with most seedlings having a radicle of 1-3 cm length at 2 DAG ( Supplementary Fig. S2 ). Unexpectedly, these small initial radicles caused a depletion of P content from the initial nutrient solution, from 216 µg P to as low as 81.6 µg P in low-P seeds (LPS) of genotype Black Gora within the 2-d period (Fig. 3B ). While depletion rates between 0 and 2 DAG were very low, a significant difference existed between the seed batches, with LPS leading to more than twice the P depletion than high-P seeds (HPS, Table 2 ). At the end of day 2 the nutrient solutions were exchanged with a new P content per 2-l container of 444 µg and the majority of that was depleted, presumably through plant P uptake, over the following 48 h in all genotypes (Fig. 3) . Genotypic differences were apparent with IR64 having the slowest uptake, which was probably a reflection of its smaller root size (Fig. 4) . P was resupplied on days 5 and 6, and in each case depletion occurred rapidly within 24 h, and more so in seedlings raised from LPS (Table 2; Fig. 3) .
The more rapid depletion of P by seedlings raised from LPS occurred despite equal or slightly lower root biomass, indicating that the efficiency of P uptake was higher in the LPS seedlings (Fig. 4) . LPS seedlings took up 1.87 µg P mg (C) Fig. 1 . Time-course of dry weight (A), P content (B), and P concentration (C) of seeds, roots, shoots, and whole seedlings (total) for the IR64 genotype during the first 27 d of growth. The arrows indicate days on which fresh P was supplied, at which point the entire nutrient solution was changed. The data are means (±s.e.m.) of three replicates, fitted with linear, second-, or third-order regressions. 
Inorganic P-transporter expression in seedlings
The rice inorganic-P (Pi) transporters OsPT1, OsPT2, OsPT6, OsPT8, and OsPT9 are reported to be involved in Pi uptake by roots, but at the same time may also play roles in P translocation within plants (Ai et al., 2009; Jia et al., 2011; Sun et al., 2012; Wang et al., 2014) . Semi-quantitative RT-PCR of RNA extracted from seedlings between 2-9 DAG confirmed the presence of OsPT1, OsPT2, OsPT4, and OsPT8 transcripts in roots of all genotypes as early as 2 DAG, but expression of OsPT6 and OsPT9 was not detected in roots at 2, 4, or 9 DAG (Fig. 5, Supplementary Fig. S3 ). Primers were validated using RNA extracted from roots and leaves of 40-d-old plants and transcripts of all transporters (including OsPT6 and OsPT9) were detected, confirming that the absence of OsPT6 and OsPT9 transcripts was age-specific ( Supplementary Fig. S4 ).
In addition, the transcript abundance of OsPT1 was quantified by qPCR in samples taken at 3 DAG (24 h after the supply of 444 µg P). The results indicated that OsPT1 expression was far lower compared to the house-keeping genes used as internal controls (Fig. 6A) . Comparison against the same house-keeping genes using the microarray data set of PariascaTanaka et al. (2009) indicated that OsPT1 expression in 3-dold seedlings was relatively high compared to expression in the 40-d-old plants used in the microarray (Fig. 6B ).
Discussion
The current global flows of P in agriculture are unsustainable as they cause substantial pollution while simultaneously leading to the depletion of high-grade rock phosphates, a limited resource of vital importance. Flows in the global P cycle are mainly driven by its removal from fields in harvested products (Rose et al., 2013) , of which the P in cereal grains accounts for the largest share (Lott et al., 2009) . Reducing the P off-take in grains at harvest without affecting final grain yield can only be achieved if seed concentrations are reduced (Rose et al., 2013; Vandamme et al., 2015) , and yet we are not aware of any breeding programmes targeting a low-P seed trait. Presumably this is in part due to concerns that a lower seed P concentration and content could negatively affect seedling vigour and crop establishment.
A crucial attribute of any variety developed to encompass a low-seed P trait would therefore be the ability to compensate for lower endogenous supply from the seed by rapid acquisition from exogenous sources. Studies in maize suggest that P uptake is delayed almost until seedlings reach autotrophy (Nadeem et al., 2011) . In rice, Asch et al. (1999) have reported that full autotrophy is not reached until 15 DAG and this coincides with our own observations that effects of P deficiency on seedling growth do not become obvious until about 12-14 DAG (M. Wissuwa, unpublished results) . A key objective of this current study was to establish whether P uptake in rice was similarly delayed, and our data clearly indicated that this was not the case. Employing the 33 P isotope as a tracer indicated that uptake into the seedling and subsequent transport to the shoot tissue had commenced by 4-6 DAG and that this process had become very efficient by 6-8 DAG (Fig. 2) . Using a different approach of measuring P depletion from the nutrient solution, our second experiment showed an even earlier onset of P uptake, which was detectable at 2 DAG and seemed to have increased in efficiency by 3 or 4 DAG, depending on genotype (Fig. 3) . The uptake of P by rice therefore starts long before seedlings have reached autotrophy. A very early onset of active uptake was supported by the detection of P-transporter activity in the roots of all genotypes as early as 2-3 DAG (Fig. 5) . OsPT1 and OsPT8 are thought to contribute to P uptake by roots (Jia et al., 2011; Sun et al., 2012) , while the low-affinity transporter OsPT2 is assumed to mediate its transport from root tissue to the shoot (Ai et al., 2009) . That both the high-affinity uptake transporters and the low-affinity translocation transporters were active at 2 DAG indicated that the transporter machinery needed to acquire P from the external environment and to subsequently transport it onwards to the shoot was already in place during the earliest stages of seedling development, when the roots were less than 4 cm long (Supplementary Fig. S2 ). To our knowledge this is the earliest report of OsPT1 transporter activity in rice roots, and an early onset of expression is confirmed by the microarray experiment of Wang et al. (2010) , although with seedlings older than those used here.
A second important aspect in consideration of the low seed-P trait is that neither the onset nor the efficiency of uptake should be negatively affected in seeds with low P reserves. In all three genotypes studied, seedlings from the LPS batch showed slightly slower initial development) but by 7 DAG root and shoot dry weights were not significantly different between batches (data not shown). The efficiency of P uptake can be estimated by monitoring the depletion rate in the nutrient solution, and LPS had significantly higher rates at two of the three sampling times (Table 2 ). However, this was mainly due to the remarkably rapid depletion in LPS of IR64 despite their very small root biomass (Fig. 4) . In the two other genotypes, which had very similar root sizes between seed batches, depletion was only marginally faster in LPS compared to HPS. Therefore, it appears more prudent to conclude that reduced seed P content did not affect the subsequent efficiency of uptake of seedlings than to conclude that LPS were more efficient. This finding is in agreement with data from Nadeem et al. (2012) that indicated that the onset and rate of exogenous P uptake was not affected by the amount of P in maize seeds.
Despite there being no effect of seed P levels on the onset and rate of exogenous uptake, there are numerous previous studies that suggest that low seed P does in fact reduce seedling vigour (see White and Veneklaas, 2012) . Despite the limitations of these studies, there does appear to be consistency among the findings that low-P seeds result in impaired seedling growth in infertile or low-P growing media (Rose et al., 2013) . If seed P level does not affect the onset or rate of uptake, two possible means by which to increase P in seedlings from low-P seeds may be (1) to ensure that roots are exposed to a high concentration of exogenous P early on to mitigate lack of endogenous P; or (2) to breed cultivars with a greater capacity to take up P early to overcome any potential endogenous deficiency. For option 1, evidence from agronomic studies supports the idea that higher levels of P in the growing medium have a much larger effect on seedling vigour than the concentration in the seeds, at least in rice grown in a nursery or glasshouse prior to transplanting (Rose et al., 2012; Pariasca-Tanaka et al., 2015; Vandamme et al., 2016) . However, whether higher soil P levels can compensate for lower seed levels in direct-seeded crops is unknown and in any case this may not be an option in resourcepoor countries where access to P fertiliser is limited. In such instances, a breeding solution may be more viable (option 2), and to this end we examined whether genotype influenced the onset and early uptake rate in low-and high-P seeds.
IR64 is one of the most widely grown varieties and can therefore serve as a model type for lowland rice. It had overall slower root development but otherwise did not differ from the more traditional rice genotypes tested with regard to the effects of seed batch. It was efficient in P acquisition from the nutrient solution (Fig. 4) but due to its small roots it would be expected to be at a disadvantage if seedlings were grown in soil, where the volume explored by the roots would be expected to be proportional to the P taken up (Mori et al. 2016) . With no lasting effect of LPS on root development or uptake efficiency, the most promising way to improve uptake of P (and probably other nutrients) in rice types like IR64 would be to breed for faster seedling root development. Our data suggested that this could compensate for any potential loss in early P uptake capacity of IR64, as the root weights in LPS of DJ123 and Black Gora were equal to or higher than that of HPS of IR64. A similar conclusion was reached by Pariasca-Tanaka et al. (2015) , where early seedling vigour was shown to overcome any potential negative effect of reduced seed P content in soil-grown seedlings.
The suggestion of Rose et al. (2013) to breed for reduced seed P concentrations as a way to enhance the sustainability of cereal cropping systems has led to studies on the extent of the variation present for seed P concentrations within the rice gene pool. Vandamme et al. (2016) reported that this trait was strongly affected by environment and that the genotypic component may only offer reductions in the range of 10-20%, with the DJ123 genotype (as used here) being a potential donor for reduced seed P concentrations. Using a large sample of 249 rice gene bank accessions, Wang et al. (2017) reached similar conclusions, with the lowest seed P concentrations being 28% below the mean, while the individual loci that they identified had the potential to lead to a reduction of up to 10%. Additional sources of variation are available in the form of rice mutants defective for the P transporters involved in seed loading (Zhao et al., 2016; Yamaji et al., 2017 ) and it appears feasible to achieve more substantial reductions in seed P concentrations through the combined exploitation of natural and induced variation.
We propose that such breeding efforts to reduce seed P should be combined with breeding for the capacity to rapidly take up P during the seedling stage. Our present results indicated that the machinery for P uptake by roots is in place at the earliest stages of seedling development, and that this is possibly the case across rice genotypes. The capacity for P uptake is therefore not limited by the uptake process per se but more likely by the speed of seedling root development and subsequent soil exploration. These aspects are of increasing interest in rice breeding because the traditional system of transplanting seedlings raised in a nursery is rapidly being replaced by direct seeding into the field (Mahender et al., 2015) . In direct-seeded rice, rapid root development is of importance for anchorage in the soil and for the acquisition of nutrients and water, especially given the increasing competitiveness of weeds (Mahender et al., 2015) . Screening of rice germplasm has revealed that ample phenotypic variation for early root vigour exists and that this variation can be associated with genetic factors and linked markers (Courtois et al., 2013; Wang et al., 2018) . Modern breeding tools can therefore be employed to produce breeding lines that simultaneously exhibit rapid root development and reduced seed P concentrations. Such efforts should be prioritised in order to achieve the two-fold goal of reducing the negative impacts of unsustainably high P fertiliser applications and conserving rock phosphate resources for future generations.
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